This paper proposes a new impedance controller that is to be applied to bilateral teleoperation under a time delay. The controller has a variable damping designed to achieve a good tacking performance and contact stability concurrently. The damping of the slave impedance is modulated based on the distance between the slave and its environment. The stability of the teleoperation system including the human operator and the environment is analyzed using the absolute stability. The validity of the proposed control scheme is demonstrated in experiments with a 1-DOF teleoperation system. The experimental results show that the system performs better with a damping modulation than with a constant damping or with a variable damping, which changes based on contact signals.
Impedance Control with Variable Damping for Bilateral Teleoperation under Time Delay

Introduction
In many telerobotic tasks, mechanical interaction with environments is essential for manipulation and is one of the important telerobotic behaviors. And the interaction forces must be accommodated so as to comply with the environmental constraints. Since impedance control, which controls mechanical impedance between the robot and the environment, provides a unified framework for controlling both unconstrained and constrained motion, it is suitable for teleoperation applications.
In this paper an impedance controller is designed for a bilateral teleoperation under a time delay. For the master, the control objective is to make the master mimic a passive mechanical tool with a force-reflecting ability. On the other hand, the slave is controlled to follow the commanded trajectory from the master and to absorb interaction forces between the slave and the environment.
Impedance control implements some target dynamics consisting of selected mass, damping, and stiffness. Lower target impedance reduces interaction forces, while higher target impedance may improve tracking performance in the free space. To cope with the conflicts in designing the target impedance, impedance parameters have been modulated based on sensory information (1) - (4) .
Dubey et al. (1) modulated damping in the master and the slave using the sensed and applied forces and the commanded velocity. Rubio et al. (2) increased the desired impedance in the direction orthogonal to the environment when the slave contacts to the wall. Love and Book (3) adapted the master impedance with respect to the environment dynamics estimated by the force and position of the slave. Since the modulation method using contact force takes effect only after contact, to remedy this, Park et al. (4) modulated the stiffness using the measured distance between the slave and the environment. However, they failed to include a human model and/or an environment in their stability analysis. And a time delay imposed on the system was not considered, either. This paper proposes a damping modulation method using distance measurement to achieve good tracking performance and contact stability concurrently. The stability of the entire teleoperation system including a human operator and an environment is analyzed using Llewellyn's criteria. In the experiments with a 1-DOF teleoperation system, the proposed method is compared with a constant damping case and a variable damping case based on contact force.
Model Definitions
In this section, some models used for the controller design are summarized. Position and force scale factors are considered to cover many different types of teleoperation systems and applications. A time delay imposed on the communication channel is assumed to be constant.
1 Dynamics of master and slave
The dynamics of the master/slave system are modeled as follows.
where Θ ∈ R 6×1 and τ ∈ R 6×1 denote joint angle and input torque vectors; M ∈ R 6×6 and B ∈ R 6×1 denote mass and viscous coefficient matrices; G ∈ R 6×1 is a vector of gravity terms; F H ∈ R 6×1 is the force applied at the master by the operator, and F E ∈ R 6×1 is the force exerted on the slave; J ∈ R 6×6 is the Jacobian matrix; subscript 'm' and 's' denote the master and the slave, respectively.
2 Desired impedance models
Desired impedance models are designed based on so called position-force teleoperation, that is, the master is force-controlled, while the slave is position-controlled.
With the desired impedance model for the master, Eq. (3), the master can reflect to a human operator the contact forces between the slave and its environment. Furthermore, it can mimic a passive mechanical tool such as a racket or a hammer, which is designed according to the task at hand.
whereM m ∈ R 6×6 ,B m ∈ R 6×6 andK m ∈ R 6×6 are the desired inertia, damping, and stiffness matrix, respectively, for the master; X m ∈ R 6×1 denotes the end effector position/orientation of the master in the Cartesian space; F d E (t) := F E (t − T sm ); T sm is the time delay flowing from the slave to the master; K f ∈ R 6×6 is a force scale matrix. The position-controlled slave follows the trajectories commanded from the master. And the slave impedance model defined in Eq. (4) takes charge of tracking and contact performance of the slave.
is the end effector position of the slave in Cartesian space; X d m (t) := X m (t − T ms ); T ms is the time delay flowing from the master to the slave; K p ∈ R 6×6 is a position scale matrix;M s ∈ R 6×6 ,B s ∈ R 6×6 , andK s ∈ R 6×6 are the desired mass, damping, and spring matrix for the slave.
Impedance Controllers for Teleoperators
Now, the impedance controllers for the master and the slave are formulated by the model-based computed torque approach using the desired impedance models in section 2.2.
1 Master controller
The objective of control here is to make the master device mimic a passive mechanical tool such as a joystick, which has its own mass and damping, and to transmit the force measured at the slave to the operator. It is different from achieving ideal transparency of teleoperation (5) where the environment impedance is precisely transmitted to the human operator.
In order to avoid directly measuring the acceleration of the master, the dynamics of the master in Eq. (1) and the desired behavior of the master expressed in Eq. (3) are combined to remove the acceleration term. It is assumed thatM m is invertible. From Eq. (3),
The acceleration at the world coordinate can be converted into the joint space with Jacobian matrix of the master:
Now, substituting Eq. (6) into Eq. (1) to removeΘ m (t) results in the control input for the master:
where F E are transferred from the slave and X m are calculated using the forward kinematics of the master. If the desired inertia of the master is null, the acceleration of the master can be computed bÿ
which requires differentiation of force measurements at the master and slave. Since differentiating force measurements augments sensor noise in the signals, the behavior of the master with zero-inertia effect is difficult to achieve.
2 Slave controller
Similarly, from Eq. (4), the desired end-effector acceleration of the slave becomes
, and the acceleration in joint space is expressed by
The control law of the slave controller is obtained by combining Eqs. (2) and (9):
It is important to point out that F dd E (t) in Eq. (9) can be easily and readily obtained in implementations. When Fig. 1 The overall system block diagram the slave sends force information, F E (t), to the master, the master will receive it with a delay of T sm in time, which is mathematically represented by F E (t − T sm ). If the master sends the received force information, F E (t − T sm ), back to the slave, the arrival of the signal at the slave will be again delayed by T ms , and the signal becomes F dd E (t). Therefore, F dd E (t) is readily obtained by simply allowing F E (t) to make a round-trip between the slave and the master.
The entire system structure is shown in Fig. 1 , where the thick line indicates the force loop for F dd E (t). If there is no time delay, F dd E (t) would be identical to F E (t), and this loop for the slave control would not be required.
Stability Analysis
Since the absolute stability method (6) can analyze the stability based only on input-output properties, it is adequate for the stability analysis of the teleoperation system having unmodeled passive human operator and environment.
In this paper, all the matrices used to define the desired impedances in section 2.2 are assumed to be diagonal. This allows decoupling the end-point behavior along each degree of freedom and the stability analysis to be carried out for each degree of freedom independently.
1 Absolute stability of teleoperation system
The definition of the absolute stability is as follows (6) .
Definition: A linear two-port is said to be absolutely stable if there exists no set of passive terminating one-port impedances for which the system is unstable.
If the network is not absolutely stable, it is potentially unstable. Llewellyn's stability criteria (7) provides the necessary and sufficient conditions for the absolute stability. It uses the concept of the hybrid matrix for a two-port network and h i j where i, j = 1, 2 in the below is a h-parameter of the hybrid matrix.
• h 11 and h 22 have no poles in the right half plane;
• Any poles of h 11 and h 22 on the imaginary axis are simple with real and positive residues;
• For all real values of ω,
If a two-port network satisfies the above criteria, the entire teleoperation system including the human operator and the environment is stable. Namely, the master and the slave will remain stable with any set of a passive human operator and a passive environment.
Although the muscular actuators of the human operator generate forces actively, the human arm shows passive characteristics (8) . And most of the environments with which the teleoperator interacts are passive. Based on this, it is assumed in this work that both the human operator and the environment are passive.
2 Hybrid matrix for conventional model
For the stability analysis, the teleoperator including the master, slave, and the communication channel is represented in the form of a two-port network characterized by its hybrid matrix. The overall system consists of human operator block, two-port network of teleoperation system, and the environment block. The interface between the operator and the teleoperator is designated as the master port and the interface between the teleoperator and the environment as the slave port. Figure 2 (a) shows a two-port network used in the conventional absolute stability, where the magnitude of the impedance of the human and the environment could become infinite. Thus, for example, master/slave block can be open-circuited. The hybrid matrix for this case is:
where F h (s), V m (s), V s (s) and F e (s) are the Laplace transforms of f h (t),ẋ m (t),ẋ s (t) and f e (t), respectively. Parameters represented with a small letter denote a scalar version of the parameters represented with a capital letter throughout the paper. For example, f h (t) is a scalar version of F H (t).
The h-parameters are obtained from the following definitions and the desired impedance models of the master and the slave. 
3 Hybrid matrix for modified model
As mentioned in section 4.2, the conventional method considers the infinite master/environment impedances. It makes, however, the stability criterion too tight and conservative since these impedances actually have finite values.
To relax this conservatism, the two-port model in Fig. 2 (a) is modified into the model in Fig. 2 (b) . In the modified model, the impedance of the master port has a finite value of Z h,min (Z h,max ) even when Z h is 0 (∞). Therefore, the impedance of the master port, which previously has an infinite range, is now limited between Z h,min and Z h,max . By the same token, the impedance of the slave port becomes bounded by Z e,max .
The hybrid matrix for the modified two-port is 
These are obtained by substituting V m , V s , F e , and F h in Eq. (13) with
,
that come from Kirchhoff's laws applied to the two-port in Fig. 2 (b) .
4 Stability of two models
Equation (12) And, for convenience, it is assumed that
Total 160 000 points in the impedance-parameter space, i.e., mass-spring-damper space, are selected for evaluation of stability condition such that they are uniformly located in the impedance-parameter space formed by 0.001 ≤m s ≤ 0. Table 1 and Fig. 3 show that stable impedance parameters can be found in broader regions with the modified absolute stability. They also show that if the operator does not release the master device (i.e. α 0), the stable region increases. This means that an impedance set that is estimated to be unstable with the conventional absolute stability analysis may be stable in real manipulations, where the port impedances are in fact finite. This also indicates that a better control performance could be achieved with the design based on the modified absolute stability since parameters can be selected in a broader stable region.
Slave Damping Modulation
The control objective for the slave is to achieve a good tracking performance during motion in the free space as well as a good contact stability during motions resulting in contact with the environment. For this, the damping in the slave impedance model is modulated depending on the distance between the slave and the environment. On the other hand, in order to avoid any possible confusion by the operator due to changes in the master parameters, all the impedance parameters for the master are kept constant.
1 Limits of damping
The desired damping of the slave,b s , which is a parameter in the control law, is first selected depending on whether the slave is in the free space or in contact with the environment. And the values of damping in these cases will be the bounds for the damping modulation.
The slave impedance model is associated with a second-order system, and its dynamic behavior can be described in terms of the damping ratio, ζ and the natural frequency, ω n , in m s s 2 +b s s +k s =m s s 2 + 2ζω n s + ω 2 n . When the slave is in a contact with the environment, impedance parameters are designed to minimize contact forces and position errors as well as to satisfy the contact stability. The objective function, Q c , to be minimized is:
where f tol and x tol are the force tolerance and the position tolerance, respectively. According to Hogan (10) , the optimum stiffness,k opt , and the optimum damping ratio, ζ opt , for Q c are f tol /x tol and 1/ √ 2, respectively. Using this, the optimum damping for the contact situation,b c , becomes
Then,k opt is selected as the maximum value ofk such that f m (ω) ≥ 0 withb c = 2m sks ,m s = m s and the time delay, which corresponds to the smallest value of x tol and the largest value of f tol while guaranteeing the system stability.
When the slave moves in the free space,
is used as the performance index, which is an integration of position error squared during a single period of the sinusoidal input. Smaller Q f means a better tracking performance of the slave. Position error, x e (t) := x s (t) − Asin(ω 0 t), can be computed simply by solving differential equation
x e (t) + 2ζω nẋe (t) + ω 2 n x e (t) = 0, which is the desired impedance model of the slave with no contact force.
In Fig. 4 (b) , larger ζ can make Q f smaller (i.e., achieve better tracking performance) since the partial derivative of Q f with respect to ζ is always negative. In fact, Q f becomes smaller as ζ increases with a constant ω n (refer to Fig. 4 (a) ). Although larger ζ guarantees smaller Q f , too large one is undesirable in real implementation. In this work, damping for the slave moving in the free space,
and thus
Note that when the slave is in the free space and there is no contact force, h c 12 = 0 in Eq. (14) and stability condition, Eq. (16.a), is always satisfied.
2 Damping modulation
Impedance parameters are designed through the following procedure. At first, the position and force scale factors, k p and k f are determined considering the size and the configuration of the devices. Then, master impedance is adjusted by trial and error according as the impedancecontrolled master is easy to drive and is suitable for a precise enough motion. Too large master impedance makes the device heavy and sluggish, while it is difficult to operate the device precisely with too small impedance. For the slave impedance, as mentioned in section 5.1,m s ,k opt ,b c andb f are designed. Then, the slave damping,b s is modulated according to the distance as follow.
where d is the minimum distance between the end effector of the slave and the environment; d max is a modulation range; 
Experiments
In this section, the validity of the proposed control 
1 System description
The master and the slave are connected each other by the TCP/IP and a memory buffer is used to simulate a fixed time delay. At the master side, the human operator pulls back and pushes forward a knob that is directly attached to its motor axel. It's a sort of a joystick that can rotate around the motor axel. A load-cell is installed between the motor axel and the knob to measure the force exerted at the master. At the other side, the slave is a linear cart that can move straight back and forth with a ball-screw Fig. 7 The detailed description of the teleoperation system Fig. 8 Desired impedance models for the master and the slave mechanism. It has a tip to contact with its environment. A load-cell is installed near the tip to measure contact force. The load-cell has some compliance by its nature but no elastic element other than that is used. The slave is also equipped with an ultrasonic sensor to measure the distance between the slave tip and the wall. The detailed diagram of the entire system is given in Fig. 7 .
The following are dynamics, impedance models and control laws for the experiments. The desired impedance models of the master and the slave are depicted in Fig. 8 . Since the master is dissimilar to the slave, position and force signals should be converted properly by scale factors to make them accord in the dimension.
• master
• slave 
In the above equations, l is the length of the bar with a knob, andx(t) = x s (t) − k p θ d m (t).
2 Experimental results
For performance comparison, the following three cases are considered:
• Case (a)b s is modulated using Eq. (19);
• Case (b)b s is fixed atb c ;
• Case (c)b s is changed depending on whether f e > 0 or not.
The parameters used in the experiments are summarized in Table 2 , where it is assumed that the operator does not release the master and maintains over 10% of Z h,max during the operation (α = 0.1). The tracking performance in the free space is compared in terms of root-mean-square (RMS) errors of the slave trajectory with respect to the commanded trajectory. The RMS error is defined as 
where E rms is the RMS error; n is the number of data points collected; x s,i is the slave position data; k p x d m,i is the commanded data from the master. The smaller E rms is, the better the slave tracks the desired trajectory.
For the experiments, a human operator generates the sinusoidal motion of the master, and consequently, the slave contacts to a solid wall repeatedly. Figures 9 -11 are the experimental results of Cases (a) -(c), respectively. Also the RMS error for each case is summarized in Table 3 .
In the results, the slave with the proposed variable damping (Case (a)) shows a better tracking performance than Case (b) because Case (a) can use the increased damping in the free space. In fact, the RMS error of Case (a) is improved by nearly 58.5% over Case (b).
In Case (c), the damping is abruptly reduced only when contact force above a certain level of threshold is Table 3 RMS position error measured. Sudden change in the damping causes a relatively large impact to be generated at the moment of the contact, as shown in Fig. 11 . On the other hand, Case (a) can lower the magnitude of impact since the damping is reduced in advance before the slave contacts to the wall.
Conclusions
In this paper, an impedance controller having variable slave damping is proposed for the bilateral teleoperation under a time delay. In designing a stable teleoperation system, the conservativeness of the conventional absolute stability was relaxed using the finite port-impedances.
To achieve a good tracking performance in the free space and good contact stability at the same time, the slave damping was modulated depending on the distance between the slave and the environment. Through a series of experiments, the proposed method was compared with the constant damping case and the variable damping case with the contact forces. In the experimental results, the proposed method exhibits a better tracking performance than the constant damping case, and was able to reduce the impact forces, which was excessive when the damping was changed depending only on the measurement of contact force.
